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USE OF A CONSTANT TD4PERATURE HOT-WIRE ANEMOMETER TO COMPENSATE 
FOR THE THERMAL LAG OF A THIN WIRE RESISTANCE THERMOMETER*
Peter Freymuth**
Department of Aerospace Engineering Sciences 
University of Colorado, Boulder, Colorado 80302
ABSTRACT avoid noise problems; the amplified signal U^ is then fed through resistor 
R" Into the bridge points BC of the equal arm bridge of a constant tempera-
A constant temperature hot-wire anemometer can be used to compensate 
for the thermal lag of a wire or film resistance thermometer within the 
useful frequency range of the anemometer. This method may be used as an 
alternative to the standard method in which a differentiation circuit as 
employed in constant current anemometers Is used for frequency compensation. 
The new method Is useful if a constant temperature anemometer is at hand.
The time constant of the resistance thermometer need not be determined.
INTRODUCTION
Using a thin, unheated wire as a resistance thermometer for the measure­
ment of rapid temperature fluctuations in turbulent flows with heat transfer 
was first devised by Corrsin.* He calculated the time constant associated 
with the thermal lag of the temperature sensing wire and reconmended that it 
be compensated for by a network like the one employed to compensate for the 
thermal lag of an electrically heated wire in a constant current hot-wire 
anemometer. However, turbulent flow measurements are mostly done by means 
of the convenient constant temperature anonometer, thus a suitable compensa­
tion circuit might not be at hand. In addition, the determination of the 
proper time constant of the temperature sensor is somewhat laborious, because 
it differs from the time constant of an electrically heated wire, for which 
the time constant is easily determined. Therefore, an alternative method 
of compensation is proposed which utilizes a constant temperature anemometer 
and which needs no determination of the time constant of the temperature 
sensing probe.
METHOD OF COMPENSATION
The new method of compensation may be explained by means of figure 1. 
There the output signal of the resistance thermometer Is first amplified to
*Supported by the Office of Naval Research under Contract NO NR 1147-10 and Advanced 
Research Projects Agency Contract No. DA 31-124-ARO-D-139.
♦♦Associate Professor of Aerospace Engineering
ture anemometer. The hot-wire probe of the constant temperature anemometer 
has to consist of the same wire type as the temperature probe (but it does 
not need to have the same wire length), and it must be exposed to a uniform 
velocity field of the same average value to which the temperature probe is 
exposed. At bridge points AC then the temperature fluctuation signal occurs 
which now is frequency compensated up to the upper useful frequency of the 
constant temperature anemometer.
THEORY OF OPERATION
It remains to show that the above described method achieves the desired 
compensation. Therefore, let us first derive the equation governing the temp 
erature sensor, and then show that the time constant occurring in this 
equation can be compensated for by means of the constant temperature anemo­
meter.
The Temperature Probe Equation
Let us assume the energy balance of a resistance thermometer can be 
described to an equation
-H(v) (T - T ) - c -1 (i)
8 dt
where T is the temperature of the wire, T is the temperature of the surroundg
ing fluid, c is the heat capacity of the wire, v is the velocity of the f l u i d
around the wire, H(v) is a function determining the heat transfer from the
wire at a given temperature difference T - T , t is time.g
Assuming small fluctuations such that T = T + AT , T =T+ *.T .8 R
H(v) “ H(v) + AH, where the overbar denotes a time average, Eq. 1 can he 
linearized and the result is
AT - R AT +




CONSTANT TEMPERATURE ANEMOMETER RESISTANCE THERMOMETER
USED FOR FREQUENCY COMPENSATION
Figure 1.
Use of a hot-wire anemometer for compensation of the thermel leg of a 
resistance thermometer. U Is the uncompensated temperature signal, U Is the 
compensated signal.
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where M “ — ~ ~  is the time constant of the temperature sensor.
H(v)
Eq. 2 means that the temperature signal of frequency u must be
1/2raised by a factor 1 + juM, where j * (-1) . to get direct proportionality
between A T and the output signal of the resistance thermometer over a wide 
8
frequency range. As we shall show next, this can be achieved by utilizing a 
constant temperature anemometer; the signal fed into the bridge points BC 
(see figure 1) is raised by the required factor 1 + juM and appears at 
bridge points AC.
The Hot-Wire Equation
Assuming an equal arm bridge (see figure 1), the power fed into the
2
hot-wire is u R , -. where U is the voltage across the bridge, R is the 
(R + R')
resistance of the hot-wire, R'SWR is the resistance of the equal arms of 
the bridge. The heating power must be in balance with the heat transfer from 
the wire due to convection and with the change of the wire's heat content 
in time. Thus
U2R dT
----- - H(v) (Tw - T0) - c — (3)
(R+R‘) dt
where T is the wire temperature and T is the temperature of the surrounding w o
medium. If the hot-wire is put into a uniform flow field with velocity 
equal to the mean velocity around the temperature probe, we have v ” v. If the 
wire type is the same as for the temperature probe, then H and c have the 
same values as for the temperature probe. Introducing the temperature coeffi­
cient of a hot-wire i = -----fl— , where R is the resistance of the wire at
Tw * To
temperature Tq , Eq. 3 can be written
U2R H(v) c dR
----- ,- (R-R„) - —  ( M
(R+R )2 Q a dt
The Bridge Equation
For the bridge unbalance u(see figure) of the equal arm bridge, we 
obtain from Ohm's law if R" »  R'
u -  u rI  - , * y  rI u_ (5)
2 \ R' + R ) 2R" T
where U is the signal from the resistance thermometer.
T
The Amplifier Equation
The amplifier is built so that an adjustable dc-voltage Ub occurs at the 
amplifier output when the amplifier input voltage is zero.2 In the useful 
frequency range of the anemometer, tlflae constants of the amplifier need not 
be taken into account and thus the amplifier equation reads
U • Ufe + G • u (6)
where G ■ 1 is the gain of the amplifier.
The Static and the Linearized Dynamic Equation ST»tem
In principle, the three unknowns U,u, and R of Eqs. 4, 5, and 6 can 
be calculated as functions of the temperature signal Up. In order to 
slaq>llfy the treatment, all equations are linearized assuming that U,u, 
and R deviate only a little (A U. Au. AH) from their static values which
they would maintain in the absence of a signal U^. If Up “ 0 also 
dR—  - 0 and thus we obtain for the static values from Eqs. 4 - 6  dt
—  - (R - Rc) - 0 (7)
(R+R*)2 a
u -  U- /& ' ■---*) ( « )
2 VR' ♦ R/
U - 0 + G • u (9)b
From these equations we find if G is large and small
RssR1 or R + R'=S2R' (10>
and
S-'-J-S -  2 H _L“ b «  1. (11)
R’ + R GU
In addition to Eqs. 7 - 9 ,  we are interested in the equations for small devia­
tions A  U, A u, and A R of the static values. Using a Taylor expansion of 
Eqs. 4 - b around the static values and taking into account only first order 
terms in A U, A  u, and A  R, we obtain the following linear equations:
____ g j /U2(*-r ‘) a. »<£>)*R - £  ^  (1 2 )
(R+R1)2 1 (R+R*)3 a a dt
Au . R< ' R AU - UR AR + —  U (13)
2(R+R1) (R+R’)z 2R" t
GAu “ A  U (1*»)
Inserting Eqs. 10 and 11 into the above equations, and inserting Eq. 14 into 
Eq. 13 yields:
— Q U A U  - A R  + -£■ ^ - R - AR + M i - A R  (15)
2 H R ’ H dt dt
^  - - Hh_ t l L  w  + 1*11  Hl_ *  „t (16)
GU U R” U UR"
Substituting Eq. 16 into Eq. 15 yields as a final equation:
aU2R" duT
----- A  U » U + M --L  (17)
4R,3H T dt
Thus a signal U of frequency is raised by the required factor 1 + j -M if 
T
A U is measured.
LIMITATIONS OF THE METHOD AND APPLICABILITY TO MEASUREMENTS IN LIQUIDS
The method of frequency compensation only succeeds insofar as Eq. 1 
for the temperature probe and Eq. 3 for the hot-wire are valid. It is known3 
that the function H(v) depends slightly on the overheat ratio and therefore 
this function is slightly different for the unheated temperature probe and 
for the heated wire. Me expect errors in cosq>ensation of the order of 5L if 
the hot-wire is not overheated sure than 100°C in air or not more than 50°C 
in water. If the dependence of H on temperature is known, an adjustment of 
the velocity to which the hot-wire is exposed can be made to give H the same 
value for the hot-wire probe and for the temperature probe. It should be 
emntloned that the same difficulties arise if the standard compensation proce­
dure is used.
The assumption that a hot-wire represents a first order system seems
Anot to hold in liquids at higher frequencies. Fabula reports that at 
high frequencies, depending on the probe type, there is s larger loss of 
sensitivity to velocity fluctuations than expected from a first order 
system. The dynamic behavior of a temperature probe in liquids is unknown.
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SYMBOLS
a temperature c o e ffic ie n t of hot-wire
C heat capacity o f testerature sensor
C gain o f  feedback am plifier
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H(v) function characterising the velocity dependence of heat tranafer 
from temperature sensor
M time constant of temperature sensor
R resistance of hot-wire at temperature X,,
R resistance cf hot-wire at temperature TQ
R 1 resistance of bridge arms of constant-temperature anemometer
t time
T temperature of temperature sensor
Tg temperature of fluid surrounding the temperature sensor
temperature of hot-wire
TQ temperature of fluid surrounding the hot-wire 
U output signal of constant-temperature anemometer
Ub adjustable dc-voltage of feedback amplifier
amplified signal from temperature sensor
u bridge unbalance voltage
v velocity of fluid near temperature sensor
u circular frequency
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